Abstract
Introduction
Real-time studies of dynamical processes in-situ under severe temperature or pressure conditions often pose a challenge for experimentalists. In materials synthesis such as combustion synthesis and materials joining processes such as welding, high intensity heat sources are used to create steep thermal gradients that rapidly heat and cool materials to and from their melting point.
This rapid thermal cycling induces solid state reactions and/or phase transformations both on heating and on cooling, and causes melting and solidification in regions of the material where the liquidus temperature has been exceeded. Composition and/or structure fluctuations are expected to occur along thermal gradients, and microstructural discontinuities exist at (or near) the location of each phase transformation isotherm.
Combustion synthesis is a relatively novel mode of preparing high temperature materials via solid-state reactions. These reactions are universally accompanied by the release of a large amount of heat. Once ignited with an external heat source, these solid combustion synthesis (SCS) reactions become self-sustained and propagate to completion within seconds. Also known as self-propagating high temperature synthesis (SHS) reactions, these processes are characterized by a fast-moving combustion front (1 to 100 mm/s) and a self-generated temperature varying from 1000 to 4000K. A number of ceramic, intermetallic and composite materials have been synthesized by this method 1,2 , including high temperature superconducting oxides 3, 4 .
Although the basic concepts of this method of materials synthesis are relatively easy to apply in principle, there remains a number of basic questions concerning the physical and chemical nature as well as the dynamics of phase transformation within the moving combustion front. The situation is true even with the most simple A + B → AB combustion reactions. Until recently [5] [6] [7] , it has been difficult to investigate these reactions because of the speed and extreme thermal conditions.
Examinations of reactant and product phases and their microstructures are possible with x-ray diffraction and a variety of optical and electron microscopies. However, the high temperature and fast rates of combustion preclude any in-situ investigation of structural changes and chemical dynamics in the combustion zone in real time with most conventional techniques.
Material systems where thermally induced phase transformations play a significant role include allotropic elements such as pure titanium (hcp→bcc); two-phase alloys such as stainless steels (fcc→bcc); martensitic alloys such as iron-based steel alloys (fcc→bct); and dispersionstrengthened alloys. Most of the phase transformations of interest will involve deviations from equilibrium microstructures, resulting in partial transformations and/or the creation of metastable phases. These types of phase transformations have aroused a lot of interest in recent years in welding research development and in the metallurgical community 8 .
From a practical standpoint, solid state phase transformations and their kinetics play an important role in understanding various problems associated with thermal processing of materials such as sub-solidus cracking, cold cracking and distortion caused by residual stresses 9, 10 . Solution to these problems will greatly be facilitated by the development of novel experimental methods for determining phase transformation behavior in the steep thermal gradients and at the high cooling rates. Until more recently 11, 12 no direct method exists for investigating solid state phase transformations that take place. Conventional methods for studying general phase transformation
behavior are most indirect and of a post-mortem nature. Moreover, these methods only provide data for low heating and cooling rates on the order of ~1 K/s, which is much less than those of arc welds (10 -10 3 K/s), and laser and electron beam welds (10 2 -10 4 K/s).
In this paper, we describe a couple of recently developed synchrotron techniques and their applications (a) to follow the course of reaction of a carefully chosen Ta + C → TaC solid combustion system with a time resolution of 50 ms by recording the time-resolved x-ray diffraction (TRXRD) patterns in situ and at high temperature and (b) to probe the phases and map their locations in steep thermal gradients down to 200 µm in spatial extent in a Ti fusion weld by recording the spatially-resolved x-ray diffraction (SRXRD) patterns in situ, in real time and at temperature during the welding process.
The choice of the Ta-C combustion system is two-fold. Firstly, the combustion synthesis of both TaC and Ta 2 C from Ta and C is atypical of many other combustion reactions because the adiabatic temperatures (2438 °C and 2360 °C for TaC and Ta 2 C respectively) are below the melting temperatures of tantalum, carbon, the carbides and known eutectic compositions 13 . Therefore, these combustion reactions must occur in the solid state with no participation of a liquid phase. In fact, it has been suggested that the rate controlling step in the combustion reactions of Ta and C is the diffusion of carbon into the tantalum particles [14] [15] [16] . Secondly, Ta and its compounds are strong xray scatterers which in turn enable short scan time of each diffraction pattern down to tens of milliseconds with good signal-to-noise ratios 17 . 
Experimental Methods

Time-resolved diffraction measurements
The diffraction-reaction chamber, and detectors are shown schematically in Fig. 1 . A detailed description of the apparatus has been given elsewhere 6, 20 . This apparatus was designed to accept a synchrotron beam incident at an angle of ~20 o on a combustion specimen. The detectors are silicon position-sensitive photodiode arrays manufactured by Princeton Instruments, NJ. Each array is 25 mm long containing 1024 pixels, and is capable of recording a full scan of 1024 pixels in 4 ms.
Diffraction experiments were performed at Brookhaven National Synchrotron Light Source (NSLS) on beamline X-11A using a focussed beam monochromatized with a double Si(111) crystal at 8048.0 eV (λ = 1.5406Å ). The detectors each spanning 6° 2θ were centered at 36.5° and 72°( where θ is the Bragg angle for a given reflection) to collect the Ta (110) and (211) diffraction peaks at the start of the reaction as well the major diffraction peaks of both TaC and Ta 2 C products in these 2θ windows. The vertical hutch slit was adjusted to a height of 0.46 mm for the Ta + C reaction (I) and 0.25 mm for the faster 2Ta + C reaction (II). These in turn produced an x-ray beam of 1.1 mm and 0.6 mm long respectively along the length of the sample at a θ angle of 25 °.
Diffraction patterns were collected and stored at constant time intervals from the initiation of the reaction through completion with a total collection time ranging from 15 to 50 seconds. A typical TRXRD experiment might consist of 500 scans each collected at 100 ms. Scan times of both 50 and 100 ms time frames were used for both reactions I and II. Data sets were collected during the burns of several samples of each mixture. Some expansion of the material was expected and took place during the reaction causing slight shifts in the peak positions to high 2θ value. Prior to ignition, the . 5
room temperature diffraction pattern of each specimen was routinely recorded to optimize sample position, choice of 2θ-window and S/N ratios with scan time. Diffraction scans were also taken of the cooled product 5-10 minutes after completion of the reaction. Conventional powder diffraction patterns from the surface as well as the interior of each reacted samples were later collected in the laboratory to verify the product phase using a conventional x-ray tube
Preparation of combustion synthesis specimens
Stoichiometric mixtures of metal and carbon powders (1:1 and 2:1) respectively for reaction I:
Ta + C = TaC and reaction II: 2Ta + C = Ta 2 C were weighed and mechanically mixed in a SPEX mixer for 10-30 min. The combustion specimens were pressed cylindrical pellets, 19 mm in diameter and about 25 mm long with a green density of ~55%. The pressed samples were ignited at one end by a resistively heated tungsten coil. After ignition, the burn became self-sustaining due to exothermicity of the reaction. All Ta + C and 2Ta + C reactions reported here were performed in helium at a pressure of 1 atm or slightly less to obviate oxidation and to minimize air attenuation of the diffracted signals.
Spatially resolved x-ray diffraction (SRXRD) measurements
SRXRD experiments were performed on the 31-pole-wiggler beam line 10-2 21 at Stanford Synchrotron Radiation Laboratory (SSRL) with the storage ring operating at an energy of 3.0 GeV and injection current of ~100 mA. Details of the SRXRD instrument can be found elsewhere 11.12 .
A schematic representation of the experimental set-up is shown in Fig. 2 .
XRD measurements were made using a monochromatic x-ray beam with a photon energy of . Each dotted line represents a single experimental SRXRD run, and each dot denotes an x-ray diffraction pattern collected at this location with respect to the center of the weld. After completing a run, the weld was allowed to cool to room temperature and the electrode was repositioned to a new starting location with respect to the x-ray beam prior to taking the next . 7
series of data. As can be seen from Fig. 3 , by symmetry only one half the weld was mapped experimentally. In the following analysis, only the top half of the entire weld will be displayed for simplicity.
Titanium samples for welding
Cylindrical welding samples were machined from as received grade 2 commercially pure titanium measuring 10.2 cm in diameter and 12.7 cm length. These samples had a surface finish of The final cylindrical samples were then vacuum annealed for 30 min at 400 0 C to partially recover the cold work that was introduced during machining.
Welding setup and procedure
Gas tungsten arc welds were made on the titanium bars using a 150 A direct current welding power supply with the electrode held at negative polarity. A new welding electrode made of W-2 % Th, 4.7 mm in diameter, was used for each weld. The power was maintained constant at 1.9 kW (100 A, 19 ± 0.5 V) for all welds, and helium was used as both a welding and shielding gas. The titanium bar was rotated at a constant speed of 0.20 rpm below the fixed electrode, which corresponds to a surface welding speed of 1.1 mm/s, and resulted in an 11 to 12 mm wide fusion zone on the surface of the titanium bar. All welding was performed inside a chamber purged with ultra high purity helium (99.999 %) to minimize oxidation of the titanium that had occurred 12 . The
He gas was also passed through the torch during welding to further prevent oxidation in the weld Invited Paper: Proceedings to the IAC-2 Conference . 8 region and to cool the torch. The welding assembly was integrally mounted to a translation stage driven by a stepper motor with 10 µm precision. Spatial mapping of the phases in the various regions of the HAZ was performed by using the translation stage to manipulate the weld (welding torch and workpiece) with respect to the fixed x-ray beam in order to sample discrete regions around the weld. Movements perpendicular to the centerline of the weld were controlled by a computer and were performed by direct translation of the workpiece with respect to the x-ray
beam. An in-house designed software package was developed on a personal computer using LabView software v4.0 to control the position of the weld with respect to the x-ray beam, to control the bar rotational speed (welding speed), and to trigger the data acquisition system in a second computer. 
Results
Time-resolved diffraction data
The synthesis of TaC
The Synthesis of Ta 2 C
The 2Ta + C → Ta 2 C reaction was also monitored at both 100 ms and 50 ms time scale and the corresponding TRXRD scans are shown in 
Spatially resolved x-ray diffraction data: Phase mapping in the HAZ of Ti fusion welds
Pure titanium exhibits two phase transitions: an αàβ phase transformation in the solid state at 882 O C and melting at 1668 O C 23 . In commercially pure grade 2 titanium employed in this work, the allotropic transformation from a hcp α-phase to a bcc β-phase occurs at ~915 o C due to the presence of iron, oxygen, and other impurities 23 . During the welding process, these phase transitions give rise to two distinct microstructural regions: a fusion zone (FZ) in which melting upon heating 
. Discussion
Chemical dynamics of the Ta-C combustion synthesis
Quantitative determinations of component concentrations in the TaC-Ta 2 C system using intensities of diffraction peaks have been reported 24 . In the present work the concentration of each of the Ta reactant, Ta 2 C and TaC final product at a given instant of time in the course of the reaction Consider first the Ta + C reaction. In Fig. 9 , it is seen that the reduction in intensity of the Ta (Fig. 9 ). This in turn suggests that the diffusion rate of carbon to the Ta metal lattice to form the Ta 2 C hexagonal phase is a factor of two faster than the rate of carbon diffusion in the Ta 2 C lattice in transforming to the final TaC product. It is challenging to elucidate the mechanism of each of these reactions to further our understanding of the observed reaction times.
Phase distribution in the Heat-affected zone of Ti fusion welds
In the following, the five principal diffraction patterns will be discussed in light of the associated microstructure at various locations in the HAZ and its vicinity during the welding process.
The α AR pattern: location and associated microstructure
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The locations at which the α AR pattern was observed are plotted in Fig. 11a . The corresponding diffraction pattern is shown in Fig. 11b . Profile analysis revealed that the peak width of the α AR patterns appearing at the end of each of the SRXRD scans was narrower than the room temperature base metal peak width. This implies that none of the SRXRD scans were measured far enough out to reach the unaffected titanium base metal.
Polycrystalline titanium base metal starts with small diffraction domains and grains that exhibit a high degree of disorder and internal stress due to the extrusion and machining process.
Stresses and disorder result in broad single peaks originating from diffraction domains with sizes in the order of 20 nm. Domain sizes were obtained from the Scherrer formula
, with t the thickness of a diffraction domain, λ the wavelength, and ν hkl and Θ hkl the peak width (in radiant) and Bragg angle of the (hkl) line, respectively. Thus, diffraction domain sizes were calculated to compare different phases and evaluate relative microstructural changes, but not to obtain absolute values.
Moving towards the center of the weld in x and y, annealing of the base metal takes place with increasing temperature. Defects and stress in the grains are being reduced and small diffraction domains grow to form larger, more perfect domains. This results in a progressive narrowing of diffraction peaks along the positive temperature gradient. Fig. 12 shows the variation of the α-Ti (002) peak width for two experimental runs ahead of the weld center at position x = -8 and -7 mm.
The y scales of these two SRXRD runs were combined employing the simplified heat-flow model 19 . Peak width narrowing is given as difference between the α-Ti (002) peak width of the base metal at room temperature and the α AR (002) peak width at temperature. As can be seen from 
The α RG pattern: location and associated microstructure
The locations at which the α RG pattern was observed are plotted in Fig. 14a . 16 Similar to the α AR pattern, the observed α RG pattern also exhibits a strong (002) intensity due to texture of the base metal, and a low angle shoulder due to contribution of TiO x phases.
However, the integrated intensity of the TiO x peak seems to be larger for α RG patterns compared to the base metal. Two reasons can account for this observation. Firstly, diffusion and segregation of oxygen into the existing TiO x layer and annealing of the same, might result in an increase of TiO x peak intensity. Secondly, in the coexistence region with β-Ti (Fig. 14b) , oxygen from titanium particles that already have been transformed to β-Ti diffuses to the remaining α-Ti, which has a higher oxygen solubility, resulting in an increase of the TiO x contribution to the α-Ti diffraction peaks. Additionally, a distinction of TiO x1 and TiO x2 diffraction peaks (Fig. 15 ) as previously reported 12 is possible at this state of annealing and grain growth of α-Ti. An α RG diffraction domain thickness of about 300 nm was estimated from single ÔspikeÕ width obtained from a leastsquares fit of several Gaussian function to one Bragg peak (Fig. 15) . Due to the limited number of data points, peak widths (5 in number) were refined to vary the same plus two extra peaks for TiO x1 and TiO x2 shoulders.
The β and β L patterns: location and associated microstructure
The locations at which the β and β L pattern were observed are plotted in Fig. 16a . The corresponding diffraction pattern is shown in Fig. 16b . At temperatures above the 915 O C α à β phase transformation isotherm β-Ti becomes the thermodynamically more stable titanium phase.
In the vicinity ~2.0 mm of the liquid weld pool and on the backside of the HAZ, ÔpureÕ β-Ti diffraction patterns are observed (Fig. 16 ). Further out in the colder region but still in the HAZ, a large coexistence region with α-Ti can be found ahead of the liquid weld pool, whereas this region . 17 appears to narrow with x. The transformation kinetics (hence mechanism) on the leading side of the liquid pool with thermal gradients ~ 100 K/mm may be very different from that of the back side having a lower thermal gradient. Such difference in kinetics is largely responsible for the variation in spatial extent of the α + β coexistence regions in the HAZ 19 .
Large β-Ti diffraction domains in the hot region of the HAZ lead to strong and very narrow diffraction peaks (Fig. 16b) . Again, splitting within a given diffraction peak similar to those discussed for the α RG pattern is observed. Since the β-Ti grains seem to grow larger than α-Ti grains particularly in the hot region of the HAZ near the weld pool, generally only one or two ÔspikesÕ can be observed with an occasionally missing of all diffraction peaks. Similar to the base metal α-Ti patterns, the β-Ti patterns also show a preferred orientation in the diffraction patterns.
On the average, most patterns showing a strong (110) peak and only a small or no (200) peak can be found in the experimental data. This might be inherited from the preferred orientation of the α-Ti phase in (002) direction. In the α à β phase transformation the most densely packed hcp layer (basal plane (002)) in α titanium becomes the most densely packed layer in the β titanium bcc structure leading to a preferred orientation of large β grains in the (110) direction of the cubic β-Ti lattice. Furthermore, the size of β diffraction domains in the colder part of the HAZ right after the phase transformation has taken place, amounts to ca. 300Ênm as calculated from diffraction peak width obtained from profile refinement to a multiplet (200) peak. This value is in good agreement with the diffraction domain size of α RG -Ti prior to phase transformation, and substantiate the fact that the entire α-Ti grain transforms to β-Ti and retains its grain size upon phase transformation.
This corroborates the idea of maintaining the most dense layer in hcp α-Ti and bcc β-Ti upon transformation as cause for the observed texture in β-Ti.
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Besides diffraction patterns exhibiting strong β-Ti peaks, a low intensity (110) β L peak is also observed usually in coexistence with the α RG pattern (Fig. 14) . The β L pattern extends over a considerably long range in the y direction. The underlying microstructures that belong to locations on the map showing β L diffraction patterns have to be divided into two different phases.
Diffraction data taken below a straight line drawn from the maximum of the 915 O C isotherm in y parallel to x (Fig. 16 ) belong to residual β-Ti that was not completely back transformed to α-Ti.
This residual β-Ti stems from region in the HAZ were the phase transformation temperature was exceeded. The ratio of integrated intensities of (110) β L peak and (002) α BT peak amounts to ca. 
The α BT pattern: location and associated microstructure
The locations at which the α BT pattern was observed are plotted in Fig. 17(a) . The corresponding diffraction pattern is shown in Fig. 17(b) . This new α BT pattern is found behind the Òβ-patternÒ region and outside the HAZ (Fig. 20) , and is associated with a new microstructure of α-Ti. This pattern corresponds to α-Ti that has been back transformed from β-Ti formed in the HAZ around the weld. Compared to the α RG and the β pattern, the α BT pattern in Fig. 20 shows no multiple diffraction line and the line width is in the same range as the α AR pattern. The size of α BT phase diffraction domains amounts to about 100Ênm as obtained from the Scherrer formula.
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Since the α BT phase stems from large β grains in the HAZ, it implies that the size of the β-Ti diffraction domains is not retained upon back transformation to α-Ti. This in turn suggest that large β domains break up into smaller α-Ti domains during the back transformation.
Another characteristic of the α BT pattern is the absence of a distinct low angle shoulder due to contributions of TiO x . This corroborates the assumption of TiO x diffraction peaks originating from surface oxidized base metal or oxygen impurities rather than oxidation of the metal during welding. The α à β phase transformation results in oxygen diffusion from the forming β-Ti grains to remaining α-Ti base metal grains owing to a higher solubility of oxygen in α-Ti. Therefore, β à α back transformation affords low oxygen α-Ti that shows no distinct contribution of TiO x . This region stems from the α + β coexistence region in the HAZ (y = 9 to 10 mm) that results in a mixed zone upon β à α back transformation containing α-Ti that has never been transformed to β-Ti and back transformed α-Ti. Diffraction patterns belonging to this coexistence region can be identified by the occurrence of a low angle TiO x shoulder together with a distinct (101) preferred orientation and the presence of (100) and (110) α-Ti peaks. Fig. 18 shows a comparison of a α BT diffraction pattern and a coexistence pattern. A low angle shoulder can be seen at the (002) peak of the coexistence pattern, whereas the στρονγ (101) peak in both the coexistence and the α BT pattern exhibits a symmetric profile without a low angle shoulder. Additionally, the α BT pattern exhibits low β (110) peak due to residual amounts of β-Ti behind the HAZ of the weld.
Concluding Remarks
In this paper we have described a couple of synchrotron techniques and extended our experimental capability to probe materials processing in both the time domain and spatial regime. In . 25 Fig. 15 . Profile refinement of α-Ti (002) peak in an α RG diffraction pattern. Splitting of a single (002) Bragg peak is due to the scattering geometry used. Additional contribution of two different TiO x phases to a low angle shoulder is indicated. The five narrow peaks (with same refined peak width) are attributed to at least five large domains in α-Ti diffracting into the photodiode. 
